In this letter we point out that in a class of models for spontaneous R-parity breaking based on gauged B-L, the spectrum for neutrinos is quite peculiar. We find that those models generally predict three layers of neutrinos: one heavy sterile neutrino, two massive active neutrinos, and three nearly massless (one active and two sterile) neutrinos.
Introduction:
The existence of massive neutrinos have motivated an infinite number of studies in physics beyond the standard model. Today, we know with good precision the values of the mass squared differences and mixing angles: ∆m 2 12 = (7.58 ± 0.21) × 10 −5 eV 2 , |∆m 2 23 | = (2.40 ± 0.15) × 10 −3 eV 2 for the solar and atmospheric mass splittings, tan 2 θ 12 = 0.484 ± 0.048, sin 2 2θ 23 = 1.02 ± 0.04 for the solar and atmospheric mixing angles, and sin 2 2θ 13 = 0.07 ± 0.04 [1] . Unfortunately, as in the case of the quark sector of the Standard Model (SM), we do not know the underlying theory for neutrino masses which could explain the above values and predict the type of spectrum: Normal Hierarchy (NH), Inverted Hierarchy (IH) or Quasi-Degenerated (QD).
Recently, we have investigated in great detail the different theories where one can understand the origin of R-parity (non)conservation in supersymmetry [2] [3] [4] [5] . In this context, we have found that if one sticks to the minimal model, Rparity must be broken spontaneously by the vacuum expectation values of the "right-handed" sneutrinos present in the theory. These theories based on gauged B-L make a great number of predictions relevant for the discovery of supersymmetry at the Large Hadron Collider since the symmetry breaking scale (i.e. the Z ′ mass), and the R-parity breaking scale are defined by the SUSY breaking scale which is at a TeV. Proton decay [6] in these frameworks occur only through higherdimensional operators and the gravitino can be a good dark matter candidate. See Refs. [2] [3] [4] for details and for general aspects of R-parity violation in SUSY see Ref. [7] . For an early study of spontaneous R-parity violation see Ref. [8] .
In this letter we investigate the predictions for the neutrino spectrum in the class of models mentioned above. We point out that in these models for spontaneous R-parity breaking in supersymmetry, the spectrum for neutrinos is special. We find that these models generally predict three layers of neutrinos: one heavy sterile neutrino, two massive active neutrinos, and three nearly "massless" (one active and two sterile) neutrinos. Therefore, the spectrum can be: m 6 ≫ m 2,3 ≫ m 1 , m 4 , m 5 in the NH and m 6 ≫ m 1,2 ≫ m 3 , m 4 , m 5 in the IH. Here, m 6 is the mass of the heavy neutrino with mass around GeVTeV, m 1,2,3 are the masses of the active neutrinos, and m 4,5 correspond to the masses of the light sterile neutrinos.
Theoretical Framework: It is well-known that the relevant scale for neutrino mass generation through the seesaw mechanism [9] is typically defined by the B − L scale. Here B and L stand for baryon and lepton number, respectively. The global B − L in the Standard Model (SM) is an accidental anomaly free symmetry, and once it is gauged, the U (1) 3 B−L and U (1) B−L anomalies must be cancelled. This is independent of B − L being embedded in a larger gauge group or combined with the weak hypercharge. The anomaly B − L cancellation conditions can be satisfied by introducing three generations of right-handed neutrinos, which are singlets under the SM.
The Minimal Supersymmetric Standard Model (MSSM) particle content plus 3 right-handed neutrinos have the following B − L charges:
while the MSSM Higgses are neutral. Now, if we gauge B − L in this context one can understand the origin of the (non)conservation of R-parity. This symmetry is defined as
, where S is the spin of the particle. Since the crucial phenomenological and cosmological predictions of supersymmetric theories depend of the (non)conservation of this symmetry one should understand this crucial issue.
The breaking of local B − L can be achieved either by introducing new vector-like pairs of Higgses (chiral superfields) with B − L quantum numbers or by considering the minimal particle content [3] . The latter case necessitates a vacuum expectation value (VEV) for the right-handed sneutrinos. Since these have an odd charge, R-parity will be spontaneously broken resulting in a theory that has some commonality with bilinear R-parity violating models, see Ref. [3] . Then, the nontrivial issue here is to give a large VEV to the right-handed sneutrinos. The solution to this problem was proposed for the first time in Ref. [2] , a tachyonic mass term is needed, and later in Ref. [5] we showed how to dynamically generate this mass through the radiative symmetry breaking mechanism.
In order to understand the predictions in the neutrino sector, one must study the symmetry breaking and we proceed by examining the different contributions to the potential in the minimal case. In this context the superpotential is given by [3] 
where the only difference from the MSSM is the addition of a Yukawa coupling between the neutrinos and H u . This gives us an F -term contribution to the potential which reads as
The relevant contribution from the D-terms is
Here, we have assumed that B − L is a part of a group U (1) X , where a particle ψ has a charge x ψ . D MSSM represents contributions from MSSM fields such as left-handed sneutrinos or the Higgses which are neutral under B − L but might still have a nonzero x-charge. Finally, the SUSY breaking potential contributes:
where the soft mass matrix for the right-handed sneutrinos can be diagonalized without loss of generality. We must now consider which are the most important contributions to the scalar potential. The Yukawa coupling of the neutrinos to H u will lead to a neutrino Dirac mass term. Since the only scale in this potential is the SUSY breaking mass scale, any potential seesaw will have a maximum scale of a few TeV. Therefore, Y ν must still be rather small for neutrino masses, Y ν 10 −6 − 10 −5 , which can be neglected when minimizing forν c . The VEV of the left-handed sneutrino also contributes to neutrino masses through a seesaw mediated by the gauginos, placing an upper bound around, ν 10 −3 GeV, these terms can be ignored as well.
The trilinear a ν term helps to determine ν and so must also be negligible. This leaves the relevant part of the potential
Specifically, what we would like to know is how many of the right-handed sneutrinos attain a VEV. Minimizing with respect toν c j yields
where there is no sum over j. At least one non-trivial solution exists if the soft mass squared is negative. Since we have three equations for the same quantity, two options exist: assume that all the soft masses are equal and the three equations become one or return to the case where only one right-handed sneutrino VEV is non-zero. Notice that in the former case, the potential has an U (3)νc flavor symmetry, and one can always rotate to a basis where only one of the right-handed sneutrinos acquires a VEV. In general, the other two generations will also get VEVs but these will be smaller than even the VEVs of the left-handed sneutrinos. The upshot of this discussion is that lepton number is only broken in one family and therefore only one of the right-handed neutrinos can get a TeV scale mass leaving the other two masses to be determined by the parameters responsible for the active neutrino masses. Therefore: the minimal SUSY B − L models or the simplest theories for R-Parity predict the existence of 2 sterile neutrinos which are degenerate or lighter than the active neutrinos.
Neutrino Mass Spectrum:
We Continue in the B − L scenario [3] for simplicity.
In the basis:
Here, [2, 5] . As discussed above, only one generation of the "right-handed" sneutrinos gets a TeV size VEV, while the rest are quite small and so we proceed with v R1 = v R2 = 0 and v R ≡ v R3 = 0. For an early study of the generation of neutrino masses using the VEV of right-handed sneutrinos see Refs. [8, 10] . One can neglect the active neutrinos to try to understand how many heavy states exist in M. We know that this number is equal to five (for the neutralinos) plus some number of the right-handed neutrinos. The characteristic polynomial reveals that only one right-handed neutrino attains a large mass, hence verifying the earlier claim that only one generation gets a large Majorana mass. The mass matrix M then contains six heavy states, which can be integrated out using the seesaw mechanism to approximate the masses of the light neutrinos (three active and two sterile):
where the light Majorana mass matrix is given by
Here, α and β run over the two light right-handed neutrinos. The heavy Majorana mass matrix is given by
and finally the Dirac mass matrix is
Before studying the specific form of the resulting five-by-five mass matrix, it is useful to examine the matrix in a very general way. For this purpose it can be cast as
where M LL is the three-by-three left-handed Majorana mass matrix, M RR is the two-by-two right-handed Majorana mass matrix and M LR is the Dirac mixing between the left-handed and right-handed sectors. Such a form allows for four possibilities:
Case 1 is already ruled out since it would allow for large mixings between active and light sterile neutrinos, which has not been experimentally observed. Case 2 leads to one Majorana left-handed neutrino and two so called pseudo-Dirac neutrinos. The pseudo-Dirac neutrinos have a small mass splitting between the active and sterile neutrinos on the order of magnitude of the Majorana mass and with a near maximal mixing. Because of this, the mass splitting is severally restricted, see for example Ref. [11] . Cases 3 and 4 allows for all active and sterile neutrinos to be Majorana. Here active-sterile mixings will be controlled by the Dirac mass and therefore this quantity will be bounded by data on neutrino mixing. We will see that only Case 3 is possible in our models.
The specific forms of these submatrices are linear combinations of matrices that are made up of products of elements with flavor structure, i.e. Yukawa couplings and sneutrino VEVs, where the coefficients are ratios of gaugino/Higgsino masses. M ν can be treated as an expansion in the flavorful parameters, where to leading order we keep terms with a maximum product of two flavorful parameters. Then, one gets the following mass matrix for the light (active and sterile) neutrinos:
where
From the experimental upper limits on active neutrino masses we obtain (Y ν ) iα 10 −12 . This can be compared to (Y ν ) i3 10 −5 , which is less constrained because of the TeV scale seesaw suppression. The active neutrino masses must come from M LL , and it is worthwhile to diagonalize that submatrix first. This can be done by rotating M ν by
where U is a three-by-three submatrix that diagonalizes M LL . It is easy to show that because of the flavor structure of M LL , i.e. only two flavor dependent parameters: v Li and (Y ν ) i3 , it has a zero eigenvalue. Then, only the NH and IH are allowed. Assuming M RR = 0, since it is fourth order in the small parameters (indicating case 4 is not possible), yields
where M Summary In this letter we have pointed out that in a class of models for spontaneous R-parity breaking in supersymmetry, the spectrum for neutrinos is quite peculiar. We find that these models generally predict three layers of neutrinos: one heavy sterile neutrino, two massive active neutrinos, and three near massless (one active and two sterile) neutrinos. One can have: m 6 ≫ m 2,3 ≫ m 1 , m 4 , m 5 in the NH scenario and m 6 ≫ m 1,2 ≫ m 3 , m 4 , m 5 in the IH case. Here m 6 is the mass of the heavy neutrino with mass around GeV-TeV, m 1,2,3 are the masses of the active neutrinos, and m 4,5 are the masses of the light sterile neutrinos. We will discuss the implications for colliders and long baseline neutrino experiments elsewhere.
